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Differential Corticostriatal Plasticity
during Fast and Slow Motor Skill Learning in Mice
Introduction
Improving movement accuracy, speed, and coordina-
Rui M. Costa,1,5,* Dana Cohen,1,5,*
and Miguel A.L. Nicolelis1,2,3,4
1Department of Neurobiology
Duke University Medical Center tion can be critical for survival. During the learning of a
new motor skill there is “fast” improvement in motorBox 3209
Durham, North Carolina 27710 performance within the first training session and “slow”
improvement that develops across sessions [1]. Motor2 Department of Biomedical Engineering
Duke University skill learning is impaired in disorders affecting cortico-
striatal circuits, such as Parkinson’s [2] and Huntington’sBox 90281
Durham, North Carolina 27708 diseases [3]. Previous studies investigated changes in ac-
tivity and connectivity during motor learning in motor3 Center for Neuroengineering
Duke University Medical Center cortex [4–14] and striatum [14–20]. From some of these
studies it is clear that both striatum and motor cortexBox 3209
Durham, North Carolina 27710 are activated throughout the different phases of motor
learning (reviewed in [1, 19]). However, the nature and4 Department of Psychological and Brain Sciences
Duke University dynamics of the plastic changes occurring during the
different phases of motor learning remain uncertain.Box 90086
Durham, North Carolina 27710 Moreover, it remains unclear whether the plastic pro-
cesses that occur in motor cortex and striatum during
each stage of learning are similar or different and
whether fast and slow motor skill learning are mediatedSummary
by different gradations of similar ongoing processes or
distinct processes altogether. Some of these questionsBackground: Motor skill learning usually comprises
“fast” improvement in performance within the initial are difficult to address with current imaging techniques,
which provide valuable information about the overalltraining session and “slow” improvement that develops
across sessions. Previous studies have revealed changes activity in a particular brain region but do not differenti-
ate between changes in number, type, or activity patternin activity and connectivity in motor cortex and striatum
during motor skill learning. However, the nature and of neurons. We therefore developed and implemented
a method for multielectrode recordings in awake-behav-dynamics of the plastic changes in each of these brain
structures during the different phases of motor learning ing mice by using microwire arrays, which can be used
to investigate those issues. Using this method, we simul-remain unclear.
Results: By using multielectrode arrays, we recorded taneously recorded the activity of neuronal ensembles
in motor cortex and dorsal striatum to investigate thethe simultaneous activity of neuronal ensembles in mo-
tor cortex and dorsal striatum of mice during the differ- nature of the plastic changes in each structure during
fast and slow motor skill learning in mice. We employedent phases of skill learning on an accelerating rotarod.
Mice exhibited fast improvement in the task during the the accelerating rotarod task, which allows us to investi-
gate the neural correlates of motor skill learning in theinitial session and also slow improvement across days.
Throughout training, a high percentage of striatal (57%) absence of the associative and working memory compo-
nents of other motor learning tasks. We found that aand motor cortex (55%) neurons were task related; i.e.,
changed their firing rate while mice were running on the high percentage of striatal and cortical neurons are mod-
ulated during the performance of this highly repetitiverotarod. Improvement in performance was accompa-
nied by substantial plastic changes in both striatum and motor task and that there is extensive but differential
functional rearrangement of cortical and striatal circuitsmotor cortex. We observed parallel recruitment of task-
related neurons in both structures specifically during the during the fast and slow phases of motor skill learning.
first session. Conversely, during slow learning across
sessions we observed differential refinement of the firing
Resultspatterns in each structure. At the neuronal ensemble
level, we observed considerable changes in activity
Method for Multielectrode Recordingswithin the first session that became less evident during
in Awake-Behaving Micesubsequent sessions.
We implanted arrays of tungsten isonel-coated micro-Conclusions: These data indicate that cortical and stri-
wires into the brains of adult mice and investigated theatal circuits exhibit remarkable but dissociable plasticity
ability to isolate single neurons from dorsal striatum andduring fast and slow motor skill learning and suggest
motor cortex (Figures 1C and 1D) with different arraythat distinct neural processes mediate the different
designs and recording modes (see Figure S1). With thephases of motor skill learning.
specific parameters we probed, we observed no advan-
tage in using triangulation to isolate single units (Figure*Correspondence: costa@neuro.duke.edu (R.M.C.); danac@neuro.
S1D). We therefore opted to employ single-channel re-duke.edu (D.C.)
5 These authors contributed equally to this work. cording mode in all the experiments described hereafter.
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Figure 1. Method for Chronic Simultaneous
Recording of Single Neuron Activity in
Awake-Behaving Mice
(A) Example of three independent units re-
corded in one channel in single-channel
mode. Left, waveforms of the spikes of the
three units recorded online and ISI histo-
grams. Center, 2D projection of the clusters
correspondent to each unit based on analysis
of the first three principal components of the
waveforms recorded. Right, 3D representa-
tion of the same clusters displaying the three
principal components along the three axes.
Note that the green (U1) and the blue unit (U2)
clusters are grouped along different axes.
The yellow unit cluster (U3) has smaller ampli-
tude and is closer to the noise cluster (in
gray). In the cases where we recorded more
than one unit from the same channel, we al-
ways made sure that clusters of smaller am-
plitude cells did not represent smaller spikes
of the same cell during bursting; for example,
by ensuring that the smaller spike occurred
both before and after larger spikes.
(B) Stability of the recordings during a ses-
sion. Example of a unit recorded 4 months
after surgery. Left, waveforms of the spikes
of the units, ISI histogram, and 3D display of
the cluster of the unit—obtained from the first
two principal components (x and y axes)—
throughout the time of the recording session
(z axis). The waveform (center) and the re-
spective cluster of the unit based on the first
three PCs (right) remained stable throughout
the recording session.
(C) Histological verification of the localization
of the electrodes. Shown is an overview of
the cortex and dorsal striatum on the right
hemisphere at 0.5 Bregma. The plane dis-
plays the track of one of the electrodes of an array implanted in motor cortex. The electrode tip position pointed by the arrow in the high-
magnification picture indicates that the electrode tip was positioned in layer 5 of motor cortex.
(D) The plane displays the track of one of the electrodes of an array implanted in dorsal striatum. The electrode tip position pointed by the
arrow in the high-magnification picture indicates that the electrode tip was positioned in dorsal striatum.
Under these conditions, we were able to simultaneously implanted 32 microwires in each mouse (16 in each
hemisphere). Four animals were implanted in both dor-record many single units per mouse (18 with 32 elec-
trodes per mouse), occasionally several with the same sal striatum and motor cortex, and three other animals
were implanted bilaterally in dorsal striatum. In the ac-electrode (Figure 1A), in both cortex and dorsal striatum
(0.5 units per electrode in striatum and0.7 in cortex). celerating rotarod task, animals learned a novel and
highly stereotypical sequence of movements that al-Units were selected online by using a waveform tem-
plate algorithm and then isolated offline based on wave- lowed them to maintain equilibrium on a rotating rod
accelerating at a constant rate. Animals were trained inform, amplitude, and interspike interval histogram by
using an offline sorting algorithm (see Supplemental a single session of 10 trials per day for three consecutive
days. Each trial (running period) was preceded by anData for detailed description and criteria). We observed
that the waveform recordings across a session were intertrial interval (resting period) of 300 s, during which
the animal remained at the bottom of the apparatusgenerally very stable (Figure 1B), allowing us to follow
single units through time. Also, the implants seemed to without walking (except for occasional turning around).
Animals showed significant learning during the first daybe well tolerated by the brain; single-unit recordings
continued for several months after surgery (Figure 1B). (Figure 2A, effect of training trial F9,60  2.98, p  0.05;
posthoc trial one versus trial ten, p  0.05), demon-This indicates that our methodology is appropriate for
conducting long-term longitudinal studies in behaving strated by an increase in latency to fall from the rotating
rod. During the second day, there was still a significantmice.
difference between the first and last trial of the session
(planned comparison, F1,12  18.8, p  0.05), althoughFast and Slow Motor Skill Learning
in the Accelerating Rotarod Task there was no overall significant effect of training trial on
the latency to fall from the rotarod (F9,60 0.92, p 0.05).In the present study, we trained seven implanted, iso-
genic mice of hybrid genetic background (B6129SF1/J) During the third day, animals had reached a plateau in
which neither an overall effect of trial (F9,60  0.19, p on an accelerating rotarod (4 to 40 rpm in 300 s). We
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Figure 2. Fast and Slow Motor Skill Learning
in the Accelerating Rotarod Task
(A) Animals showed fast learning during the
first training day, which slowed down during
day 2 and reached a plateau during the third
day.
(B) Across days, there was a significant
change in the latency to fall during the early
trials (one and two) of every session. We ob-
served a significant improvement from day 1
to day 2 but no further improvement from day
2 to day 3.
(C) Across days, there was no significant im-
provement in the latency achieved during the
late trials (nine and ten) of every session indi-
cating that the most substantial improvement
occurred during the first training day.
0.05) nor an increase in the latency to fall from the first significantly their firing rate during running (Figures 3A
and 3G), and 29% decreased firing rate (Figures 3C andto the last trial (planned comparison, F1,12  0.89, p 
0.05) were observed (Figure 2A). Consistently, across 3E), while in motor cortex 77% of the neurons increased
their firing rate during movement (Figures 3B, 3F, anddays, there was a significant change in the latency to
fall during the early trials (trials one and two) of each 3H), and 23% decreased it (Figure 3D).
In both striatum and cortex, we observed that neuronssession (F2,18  4.96, p  0.05, Figure 2B), with a signifi-
cant improvement from day 1 to day 2 (posthoc, p  changed their firing rate either abruptly when the trial
started and sustained their activity until the trial ended0.05), but not from day 2 to day 3 (posthoc, p  0.05).
There was no significant change in the latency achieved (“on-off” neurons, 56% of the task-related cells in stria-
tum and 43% in motor cortex, Figures 3A–3D) or gradu-during the late trials (nine and ten) across days (F2,18 
0.32, p  0.05), indicating that the most substantial im- ally in a velocity-related manner (“velocity-correlated”,
44% of the task-related cells in striatum and 57% inprovement occurred during the first day (Figure 2C).
Overall, these results indicate an initial phase of fast motor cortex, Figures 3E and 3F; 43% of all the neurons
in striatum and 50% in motor cortex). Besides neuronsimprovement in motor coordination within the first ses-
sion and a slow phase of improvement across sessions, that changed their firing rate persistently throughout the
trial, we also observed neurons that transiently changedwhich asymptoted by the last day of training. This partic-
ular pattern of learning likely arose from the apparatus, their firing rate specifically at the onset of the trial (rare,
4.8% in striatum, 5.2% in motor cortex, Figures 3Gspeed, and training protocol used in trials that ended
after 300 s. and 3H).
Differential Corticostriatal Plasticity during FastModulation of Neuronal Activity during Running
on the Accelerating Rotarod and Slow Motor Skill Learning
We next investigated if corticostriatal neural activityWe continuously recorded neural activity from the dorsal
striatum (95% medium spiny neurons [21]) and motor changed during motor skill learning. To assess whether
the task-related neurons modified their involvement incortex during the daily 10 trial sessions. The number of
neurons recorded from all animals combined during the the task throughout a session, we compared the activity
profile of each neuron during early trials (the first twothree daily sessions was 91, 73, and 83 in striatum and
53, 41, and 40, in motor cortex (see detailed distribution trials) and late trials (the last two trials) of each session
(see Experimental Procedures, Figures 4 and 5B). Over-in Experimental Procedures). Throughout training, we
observed that many striatal (57%) and motor cortex all, we observed that many task-related neurons changed
their activity profile during the first session (45% in stria-(55%) neurons were task related; i.e., they changed their
firing rate during running on the rotarod compared to tum and 35% in motor cortex). In both striatum and
motor cortex there was a dramatic increase in the num-their firing rate during the intertrial (rest) periods. Neu-
rons either increased or decreased their firing rate dur- ber of task-related neurons during the first session (51%
to 90% in striatum, F1,12  20.9, p  0.05; 66% to 89%ing the running period compared to the rest period.
On average, in striatum 71% of the neurons increased in motor cortex, F1,6  8.56, p  0.05), which remained
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Figure 3. Modulation of Neural Activity during Running on the Accelerating Rotarod
(A–H) Each panel displays the raster plots and corresponding peri-event time histogram (PETHs) for a particular neuron throughout one
session. The beginning of each running period is aligned at time zero and marked by a red square. The end of the running period is marked
by a blue circle. In each graph, trials are presented top to bottom, just as they were presented during training. Dorsal striatum neurons are
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Figure 4. Plasticity in Corticostriatal Neuronal Activity during Learning in the Accelerating Rotarod Task
For each neuron a continuous-rate histogram of the entire session plus PETHs for the first two trials (black line), the last two trials (red line),
and the individual trials (one, two, nine, and ten) are displayed. Red squares indicate the onset of the trial and blue circles the end of the trial.
(A) Example of a cortical neuron that did not change its firing rate during running at the beginning of the session but gradually started increasing
its firing rate during each running period and became task-related by the end of the session. Note that during trial two the neuron already
increased its firing rate during running, but by trials nine and ten the increase in firing rate starts abruptly after time 0.
(B) Example of a striatal neuron that was task related at the beginning of the session and became less task related throughout the session.
This neuron gradually decreased its firing rate during each running period, stabilizing during the last two trials.
(C) Striatal neuron that became task related throughout a session by gradually (on average, with some trial to trial variation) decreasing its
firing rate during the rest period.
(D) Striatal neuron that became task-related with training. This neuron increased its firing rate during both the resting and running periods
from the beginning to the end of the session and became task related early during the session (note trial 2).
unchanged for the rest of the training days (striatum: concomitantly (Figure 4D). In agreement with this in-
crease in the number of task-related neurons, duringday 2, 76% to 80%, F1,12  0.13; day 3, 92% to 73%,
F1,12  1.68; motor cortex: day 2, 83% to 79%, F1,6  this first session, the number of recruited neurons (i.e.,
neurons that were not task related during the early trials0.45; day 3, 78% to 78%, F1,6  0.00; p  0.05) (Figure
5B). Neurons changed their firing modulation depth (and and became so by the late trials) was significantly larger
than the number of dismissed neurons (i.e., neurons thattherefore their task relatedness) by either changing their
firing rate during the running period (Figure 4A) or by were initially task related and became less involved by
the end of the session) in both striatum and cortex (Fig-changing their firing rate during the resting period (Fig-
ure 4C). In some neurons we observed both phenomena ure 5C, 42% recruited and 3% dismissed in striatum,
presented on the left column and motor cortex neurons on the right column. (A and B) Example of a striatal and a cortical neuron that abruptly
increase their firing rate during the running period. (C and D) Example of a striatal and a cortical neuron that abruptly decrease their firing
rate during the running period. (E) Example of a striatal neuron with a rather high firing rate at the onset of each trial, which gradually decreases
its firing rate toward the end of the trial. (F) Example of a cortical neuron that gradually increases its firing rate during the running period. (G
and H) Example of a striatal and a cortical neuron that transiently changed their firing rate at the beginning of the running period and then
gradually decreased it throughout the trial.
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Figure 5. Characterization of the Changes in
Neural Activity in Striatum and Motor Cortex
during Motor Skill Learning
(A) Percent of task-related neurons averaged
across each session. In both striatum and
motor cortex, the percent of task related neu-
rons did not change across days.
(B) Percent of task-related neurons during the
early (black) and late (white) trials in each ses-
sion. In both striatum and motor cortex, the
percent of task-related neurons increased
significantly during the first training day but
did not change in subsequent days.
(C) Percent of recruited (black) and dismissed
(white) neurons across all sessions. In both
striatum and motor cortex, there were signifi-
cantly more recruited neurons than dis-
missed during the first day. On days 2 and 3
fewer neurons changed their activity profile
during the training session, and there was no
significant difference between the number of
recruited and dismissed cells.
(D) Percent of task-related neurons that in-
creased (black) or decreased (white) firing
rate during movement throughout training. In
motor cortex, the difference between the two
populations increased gradually throughout
training and became significant early on the
second day. In striatum, we observed more
neurons increasing versus decreasing their
firing rate all through training, and the differ-
ence between the two populations remained
unchanged throughout training.
(E) Percent of velocity-correlated neurons
(from all the neurons recorded) across days.
In striatum, we observed an increase in velo-
city-correlated neurons across days, while in
motor cortex we observed no change through-
out training.
F1,12  26.3, and 29% and 6% in motor cortex, F1,6  (62%, 40%, and 64% on days 1, 2, and 3, respectively,
F2,9  1.42, p  0.05) (Figure 5A), indicating once more8.74; p  0.05). In subsequent training days 2 and 3,
plasticity in the activity profile of neurons continued to that the increase in number of task-related neurons oc-
curred specifically during the first session. Together,a lesser extent (27% in striatum and 24% in motor
cortex). However, during each of these sessions, the these results indicate that during the fast phase of learn-
ing, the majority of the plastic changes corresponded tonumber of recruited neurons equaled that of dismissed
neurons (Figure 5C, striatum: day 2, 13% and 9%, F1,12 an expansion of the task-related neural circuitry, which
occurred in parallel in both striatum and motor cortex.0.25; day 3, 7% and 25%, F1,12  1.73. Motor cortex: day
2, 12% and 16%, F1,6  0.09; day 3, 9% and 10%, F1,6  Next, we investigated whether in addition to the rapid
recruitment of neurons observed specifically during the0.008; p0.05). It is important to note that the fact that
some animals had rather short first trials did not make first session, slower-evolving plastic changes would be
observed across sessions, paralleling the slow improve-a crucial contribution to the pattern of changes observed
(example in Figure 4A, see Experimental Procedures). ment in motor performance. We observed an increase
in “velocity-correlated” neurons across days in the stria-Interestingly, when we average the number of task-
related neurons by using all ten trials in a given session, tum (Figure 5E, main effect F2,18  2.6, day 1 versus day
3 F1,12  7.34, p  0.05, day 1  33%, day 2  47%,this value did not change from day 1 to day 3 in either
the striatum (60%, 58%, and 53% on days 1, 2, and 3, and day 3  56% of all the neurons recorded). This
increase in the striatum was gradual and became signifi-respectively, F2,18  0.18, p  0.05) or in motor cortex
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cant only after 3 days of training. In contrast, in motor stant neuronal weights) to estimate the rotarod velocity
in early (one and two) and late trials (seven and eight)cortex the number of velocity-correlated neurons was
high from the onset of training and did not change of each session (Figure 6A). We then calculated how
well the model estimated the rotarod velocity duringthroughout training (Figure 5E, main effect F2,18  1.06,
day 1 versus day 3, F1,12  0.04, p  0.05, day 1  58%, these trials by correlating the estimated velocity with the
actual velocity. Different correlation values (R2) betweenday 2 41%, and day 3 51%). At the onset of training
the number of velocity-correlated neurons in motor cor- early and late trials indicated that the ability of the model
to estimate the rotarod velocity varied during the ses-tex was significantly higher than in striatum (58% versus
33%; F1,9  7.07, p  0.05), while at the end of training sion; i.e., that the relative contribution of the different
neurons in the ensemble probably changed from earlythese numbers were not different (51% versus 56%;
F1,9  1.0, p  0.05). to late trials. Therefore, different correlation values be-
tween early and late trials suggested that the neuronalIn motor cortex, the number of neurons increasing
rather than decreasing firing rate during running became ensemble activity changed throughout the session,
while similar values signified that the neuronal ensemblesignificantly higher across sessions (Figure 5D, main
effect F1,36  51.6, p  0.05, early day 1  58% versus activity remained relatively stable. We observed consid-
erable variation in neuronal ensemble activity within the42%, F1,6  0.31, p  0.05; late day 3  84% versus
16%, F1,6 26.0, p 0.05). The increase in the proportion first session in both striatum and motor cortex (Figure
6A, early versus late: striatum, 0.23 versus 0.66, F1,12 of neurons increasing versus decreasing their firing rate
during running was not significant throughout the first 6.6; motor cortex, 0.14 versus 0.49, F1,6  6.9; Figure
6C: striatum, 0.54, t6 3.6; motor cortex 0.50, t3  2.8;day (Figure 5D, late day 1  71% versus 29%, F1,6 
2.61, p 0.16) and reached significance only during the p  0.05 for all comparisons). This variation became
less evident during day 2 and even smaller during daysecond day (early trials F1,6  17.6, 82% versus 18%,
p  0.05). In contrast, in the dorsal striatum, we found 3 (Figure 6A, early versus late, striatum: day 2 0.47 versus
0.68; day 3, 0.62 versus 0.6; motor cortex: day 2, 0.3that the percentage of neurons that increased firing rate
during running was significantly higher than the number versus 0.7; day 3, 0.84 versus 0.65; Figure 6C, striatum:
day 2, 0.28; day 3, 0.12; motor cortex: day 2, 0.16; dayof neurons that decreased firing rate during running
throughout training and did not change with learning 3, 0.06; p  0.05 for all comparisons).
The pattern of plasticity in neuronal ensemble activity(Figure 5D, main effect F1,72  67.2, p  0.05; early day
1 72% versus 28%, F1,12  13.0, p  0.05; late day 1, throughout training paralleled the pattern of behavioral
changes (Figure 2) as well as the pattern in single neu-70% versus 30%, F1,12  13.9, p 0.05; early day 2 65%
versus 35%, F1,12  4.52, p 0.05; late day 2 65% versus rons (Figure 4) and neuronal population (Figure 5) plas-
ticity. Thus, some of the changes observed at the single35%, F1,12  7.52, p 0.05; early day 3, 84% versus 16%,
F1,12  71.6, p 0.05; late day 3 80% versus 20%, F1,12  neuron and population level may have contributed to
the changes observed in neuronal ensemble activity.37.1, p  0.05). At the onset of training the difference
between the number of neurons increasing rather than However, it is interesting to note that the average firing
rate (Hz) during the running period of the population ofdecreasing firing rate was significantly higher than
chance (zero) in striatum (44%, t6  2.6, p  0.05), but neurons that constituted the ensemble did not change
between the early and late trials described above ornot in motor cortex (16%, t6  0.40, p  0.05), while at
the end of training the difference was significantly higher across sessions (Figure 6D, early versus late, striatum:
day 1 4.5 versus 4.9; day 2, 6.2 versus 5.9; day 3, 7.2than chance in both structures (striatum 59%, t6  4.3,
p  0.05; motor cortex 69%, t6  3.7, p  0.05). versus 7.2; motor cortex: day 1, 4.1 versus 5.6; day 2,
5.3 versus 5.9; day 3, 5.6 versus 6; p  0.05 for allThese data indicate that there are plastic changes
that develop slowly across sessions with a timeframe comparisons). Moreover, the firing-rate modulation (i.e.,
the relationship of the firing rate during running versuscorresponding to slow motor skill learning and that these
plastic changes are distinct from the rapid changes ob- resting for a particular neuron during each trial, see
methods) of the neurons that constituted the ensembleserved specifically during fast motor skill learning. Fur-
thermore, these data suggest that during slow motor did not change between early and late trials or across
sessions (Figure 6E, early versus late, striatum: day 1,skill learning some of the plastic changes occurring in
dorsal striatum and motor cortex are different. 0.25 versus 0.3; day 2, 0.31 versus 0.29; day 3 0.24
versus 0.3; motor cortex: day 1, 0.19 versus 0.23; day
2, 0.2 versus 0.22; day 3, 0.17 versus 0.21; p  0.05 for
Cortical and Striatal Neuronal Ensemble Plasticity all comparisons).
during Motor Skill Learning
It has been previously shown that neuronal ensemble
activity in motor cortex can increasingly predict behav- Discussion
ioral outcome with motor training [22]. We therefore in-
vestigated whether plasticity at the neuronal ensemble In this study, we measured for the first time the simulta-
neous activity of neuronal ensembles in primary motorlevel during motor skill learning occurred in striatum and
motor cortex. By using the neuronal ensemble activity cortex and dorsal striatum during motor skill learning in
mice. For this purpose, we developed a methodologyfrom trials nine and ten of each day (similar length across
all 3 days, Figure 2C), we generated a linear model to to reliably record neuronal activity from multiple brain
areas of awake-behaving mice. Our data showed thatestimate the rotarod velocity throughout a trial [23, 24].
We used this model (same neuronal ensemble and con- corticostriatal circuits undergo rapid and extensive re-
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Figure 6. Neuronal Ensemble Plasticity in
Striatum and Motor Cortex during Motor Skill
Learning
(A) Correlation between the estimated and
actual rotarod velocity (R2) during early (one
and two) and late (seven and eight) trials
based on a linear model generated from neu-
ronal data of the ninth and tenth trials of each
session. R2 values depicted are normalized
to the average R2 of the fitting trials.
(B) Examples of estimated velocity versus ac-
tual rotarod velocity (in rotations per second)
during a trial.
(C) Quantification of the changes in neuronal
ensemble activity throughout a session (see
Experimental Procedures). Overall, we ob-
served considerable variation in neuronal en-
semble activity during the first session in both
striatum and motor cortex, which became
less evident during day 2 and indistinguish-
able during day 3. The pattern of neuronal
ensemble plasticity paralleled the pattern of
behavioral, single neuron, and neuronal pop-
ulation changes.
(D) The average firing rate during running of
the neurons that constituted the ensemble
did not change within sessions from early to
late trials or across sessions.
(E) The average firing-rate modulation (see
Experimental Procedures) did not change
within sessions or across sessions.
cruitment of task-related neurons during the first ses- cortex, but not in dorsal striatum. The changes at single
neuron and neuronal population level were paralleledsion, indicating that there is a fast expansion of the
task-related neural circuitry both in striatum and cortex by changes in neuronal ensemble activity. Thus, during
the first session, we observed considerable variation induring the fast phase of skill learning (day 1). In subse-
quent days, there was a continuous turnover of the task- the activity of both striatum and motor cortex neuronal
ensembles, which became less evident during subse-related neurons, but the percentage of recruited versus
dismissed neurons reached a balance. Across days, quent sessions.
The plastic changes we observed were specific to theduring slow motor skill learning, we continued to ob-
serve changes in the firing profiles of the neurons, sug- acquisition of a motor skill and did not arise just from
general motor-related activity, because both at the sin-gesting that besides the first recruitment phase, cortical
and striatal neuronal ensembles continued to change in gle neuron (Figure 5) and the neuronal ensemble levels
(Figure 6), the plastic changes observed during day 3parallel with further refinement of the movement [20].
Importantly, these slow changes were dissociable be- (after the animals have reached a behavioral plateau)
were less pronounced than and different from thetween these structures. We observed an increase in
velocity-correlated neurons throughout training in stria- changes observed during days 1 and 2. The parallel
expansion of the task-related neural circuitry in bothtum, but not in motor cortex. Conversely, we observed
a significant increment in the number of neurons increas- motor cortex and striatum during the fast phase of learn-
ing could represent a rapid way to improve motor perfor-ing versus decreasing firing rate during running in motor
Current Biology
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mance by incrementing the computational space avail- the neuronal representations continue to change during
the consolidation of the learned skill, either after trainingable to control the motor response; and is in agreement
with models positing recurrent loop architectures involv- [29, 30] or during the following sleep cycle [31–34].
Our results show that the performance of this motoring cortex and striatum. With time, during slow learning
across sessions, refinement of the firing patterns in each skill involves activation of a high proportion of the neu-
rons both in striatum and motor cortex. These data sug-structure could facilitate further improvement of the
movement. For example, the increase in velocity-corre- gest that performance of this novel, highly repetitive
sequence of movements on the rod may involve thelated neurons in striatum could reflect improvement in
action selection, while the enhancement in the propor- activation of dense (nonsparse), distributed circuits in
both striatum and motor cortex.tion of neurons increasing versus decreasing firing rate
in motor cortex may facilitate action performance in this All through training, we observed that about one-third
of the striatal neurons decreased their firing rate duringhighly constrained motor task, which involves single-
axis improvement in performance. However, these running while two-thirds increased it. It would be impor-
tant to determine if these two types of neurons belonghypotheses are not easily testable through the present
task due to the difficulty in precisely measuring the kine- to the same or to different populations/circuits; for ex-
ample, to the direct versus indirect striatal pathwaysmatics and force applied during the execution of the
movement and could perhaps be addressed by using [35, 36].
tasks that allow better characterization of these parame-
ters [8] or by using a modified version of the present Conclusion
task. In the present study, we observed that corticostriatal
It is interesting to note that throughout training, even circuits undergo substantial plasticity during motor
during the phase of increase in number of task-related learning. Furthermore, this plasticity differs between fast
neurons, the task-related firing rate modulation of the and slow motor skill learning. During fast, within-session
population of neurons (Figures 6C and 6D) remained learning, motor cortex and dorsal striatum change their
unaltered. This suggests that in parallel to the experi- activity in concert. During slow, across-session learning,
ence-dependent plastic changes observed, homeo- however, the activity changes in M1 and striatum differ.
static mechanisms either at the cellular [25, 26] or net- Importantly, these changes occur in the absence of any
work level may preserve the overall level of firing of large alterations in the overall firing rate of the neuronal popu-
neural circuits. lation. These findings suggest that distinct neural pro-
It has been previously shown that motor cortex is cesses mediate fast and slow motor skill learning. It
essential for the initial stages of motor skill learning [11], remains to be investigated whether these distinct neural
which is consistent with our observation that there is processes develop in series or in parallel. These data
a significant expansion of the number of task-related may also provide interesting starting points to analyze
neurons in motor cortex during the initial stages of motor the motor deficits observed in mouse models of neuro-
skill learning. However, there is recent evidence that degenerative disorders, such as Parkinson’s and Hunt-
in motor cortex, synaptogenesis and reorganization of ington’s diseases.
motor representations occur during the late, but not
Experimental Proceduresearly, phase of motor skill learning [27]. In combination
with these previous studies, our data suggests that neu-
Animalsral activity changes mediated by processes like synaptic
All procedures were approved by the Duke Institutional Animal Care
plasticity may precede structural changes and underlie and Use Committee and performed in accordance with National
early motor skill learning. In agreement with recent stud- Institutes of Health guidelines. We used F1 isogenic hybrids (2–7
months old) resulting from the cross between C57BL/6J female andies in conditional visuomotor learning [20], the plasticity
129S1/SvImJ male (Jackson labs). Nine mice were used for thewe observed tended to consist of changes in the differ-
experiments leading to the establishment of the technique andential firing rate during the running and resting periods,
seven other animals for the motor skill learning study (three im-suggesting that changes in synaptic weights rather than
planted bilaterally in dorsal striatum and four in both dorsolateral
ongoing sustained recurrent activity accompanied the striatum and motor cortex in separate hemispheres).
improvement in performance.
The striatum has been postulated to be activated at Behavior
A computer-interfaced rotarod with capability to accelerate fromdifferent stages of motor skill learning, depending on
4–40 rpm in 5 min was used (ENV-575M, MedAssociates). After eachthe behavioral paradigm used [19]. Our results show
300 s resting period at the bottom of the rotarod, mice were placedactivation and plasticity of both cortical and striatal neu-
on the rod, which was then activated to start moving. Each trialrons throughout training. However, besides the initial
ended when mice fell off the rod or when mice ran for 300 s (end
recruitment phase, differential changes in neuronal ac- of acceleration, 40rpm). Immediately at the end of the trial the rod
tivity patterns, which may be difficult to detect in imaging was stopped. The beginning and end of the running period were
signaled to the MAP recording system (Plexon Inc., Texas) as events.studies (e.g., velocity correlation, profile of firing rate
A custom-made pulley system balanced the weight and torque ofmodulation) seem to be the most evident. These ongoing
the wires during running and allowed the wires to accompany thechanges could reflect a continuous rearrangement of
mouse during the fall.the motor representation to allow further refinement of
the subject’s movement [20, 28]. Also, substantial
Surgery
changes observed even in the absence of training, for Two 1 mm2 craniotomies were made bilaterally: 0.5 mm rostral to
example between the late trials of day 1 and the early bregma; up to 1.8 mm laterally for motor cortex and 2 mm laterally
for dorsal striatum; microwire arrays were lowered 0.9–1.2 mmtrials of day 2 (Figure 5E, motor cortex), suggest that
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from the surface of the brain for motor cortex (electrodes aimed at at time t and timelag u, y(t ) is a vector of velocity at time t, a(u ) is
a vector of weights at timelag u, b is a vector of y-intercepts, andlayer 5 of primary motor cortex) and 2–2.2mm for dorsal striatum
[37] while recording neural activity. Because we used a hybrid mouse (t ) is the residual error. We considered ten lags of 100 ms into the
past (as in [23]). We used the data of the ninth and tenth trials (whichstrain, we used an extrapolation of the limits measured for C57/B6
and 129/Sv for the definition of our motor cortex boundaries (2.3 were equal in length between the 3 days of training) to determine the
weights for each neuron in the model. By using the same neuronalto 0.56 AP; 1.0 to 2.4 ML) with the obvious inaccuracies that
this extrapolation may cause. The onset of cortical layer IV was ensemble and model, we then estimated the rotarod velocity in early
(one and two) and late trials (seven and eight) of each session. Weconsidered to mark the boundary between primary motor cortex
and somatosensory cortex, and no electrodes were placed beyond then calculated the correlation between the estimated and actual
rotarod velocity (R2) in early and late trials. Differences in R2 betweenthis boundary. In striatum the electrodes were aimed at the dorsolat-
eral striatum (0.5 bregma), which has been shown to receive pro- early and late trials signified that the neuronal ensemble activity
changed during the session; i.e., the optimal weights for each neuronjections from primary motor cortex. Final placement of the elec-
trodes was decided based on the coordinates and the neural activity changed during the session, while no change in R2 between early
and late trials implied stability of the neuronal ensemble activityand confirmed histologically after electrolytic marking lesions, per-
fusion with 10% formalin, and brain fixation with 30% sucrose, 10% throughout the session. For each animal, the R2 of the estimation
trials was normalized to the average R2 of the fitting trials. We usedformalin, cryostat sectioning, and cresyl violet staining.
the ratio (R2late  R2early)/(R2late  R2early) for each animal to quantify
the degree of change in neuronal ensemble plasticity throughout aData Analysis
session. We obtained similar results using ten lags of 200 ms or ifTask-Related Neurons throughout a Session
we calculated the model using trials five and six (estimating for lateWe used a paired t test (  0.01) to compare firing rate during
trials nine and ten and by using the same length of trial in days 2movement (running on the rotarod) and rest (intertrial interval).
and 3 as in day 1), just trial nine (estimating for late trials eight andTask-Related Neurons during the Early and Late Trials
ten), or just trial ten (estimating for late trials nine and ten).To determine whether a neuron was task related during the first two
Firing-Rate Modulationtrials of a session, we generated two firing-rate distributions: one
Firing-rate modulation for each neuron was calculated during theduring the rest period and the other during the movement period. We
first 100 s of a particular trial as (firing raterunning  firing rateresting)/divided each period into 20 s bins (to include at least one complete
(firing raterunning  firing rateresting).rotation of the rod) and calculated the firing rate of the neuron in
each bin. The initial two trials (early trials) were combined in one
distribution to eliminate possible effects of short trials in the first Statistical Procedures
session. Then we used analysis of variance (ANOVA) to determine All results were averaged per animal and statistics were performed
whether the firing rate during the running period was significantly on the values per animal. Single-factor ANOVA (  0.05) was used
different than during the rest period (  0.01). The same analysis to investigate general main effects and in all planned comparisons.
was used for the last two trials (late trials) in each session. We Two-factor ANOVA (  0.05) was used to determine main effects
realize that each 20 ms bin is not an independent measure, and we shown in Figures 5B–5D. Only when there was a main effect, we
are therefore overlooking one of the assumptions of ANOVA in this performed posthoc comparisons by using either Fisher’s PLSD or
analysis. Repeated measures ANOVA cannot be used in this case paired t test when comparing against 0.
because (1) it is a paired test, and therefore it would compare the
first bin of 20 ms in the rest period with the first bin of 20 ms in the Supplemental Data
run period and so forth, and (2) the rest and running periods (and Supplemental Data including Experimental Procedures detailing
trials one and two) have a different number of bins. multielectrode array design and data collection accompanied by
We verified that by using either (1)   0.05 instead of 0.01 or (2) one figure and one table are available at http://www.current-
the first 100 s of data from the running period and 100 s from the biology.com/cgi/content/full/14/13/1124/DC1/.
resting period to define task-related neurons did not change the
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